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Abstract This paper summarizes observationsmade in the field, limited tests performed in the laboratory
and analytical evaluation done on various forms of semi-engineered roof deck systems. The paper also
highlights some of the critical issues involved in the design of semi-engineered roof deck systems
subjected to high velocity winds.
The roof structures of typical semi-engineered residences in countries such as India and Belize are
believed to be able to resist the effects of severe winds. However, relatively recent cyclonic events have
demonstrated that roof systems of the types typically built in Belize and India are indeed among the
most vulnerable major component of semi-engineered buildings under high velocity winds. This paper
highlights just how vulnerable the various components of these roof systems are to high velocity winds.
The paper, sequel to a previously published paper, is partially based on work done in connection with
a doctoral dissertation being undertaken by the primary author Thurton [1]. The paper includes some
general results of some investigations done based on building techniques utilized in the construction of
roof systems in urban communities of Belize and parts of India.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Buildings built in an organized fashion and of materials
which are processed or engineered for the most part, but
include little or no formal structural engineering input during
the design and construction processes, are often referred to as
Semi-Engineered Buildings (SEBS). Non-Engineered Buildings,
(NEBS) on the other hand, more often refer to those buildings
built in a less organized fashion,with a range of non-engineered
or non-processed materials and with virtually no engineering
input in the design or construction processes.
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doi:10.1016/j.scient.2012.11.001These structural types generally constitute the majority
of buildings typically built on an annual basis, particularly
in developing countries. In fact, non-engineered and semi-
engineered buildings account for approximately 80% of struc-
tures in hazard prone areas of India [1]. These structures, which
include semi-pucca (semi-permanent) and pucca (permanent)
housings, are often one or two stories in height and are con-
structed of concrete, stone or brick masonry walls.
The Statistical Institute of Belize reports that in the year
2000, single family homes accounted for approximately 84%
of all dwellings across the country of Belize, with about 67%
built with roofs of sheet metal. Of these dwellings, over 60%
are located in coastal districts, where they are directly exposed
to the annual threat of hurricanes coming westward from
the Atlantic Ocean and the Caribbean Sea [2]. Similarly, these
buildings typically include single and two storied buildings,
most often with relatively regular shapes. The photos shown in
Figures 1 and 2 illustrate the typical form of residential semi-
engineered buildings in India and Belize, respectively.
In the United States, semi-engineered residential buildings
are also very prevalent, and these building types are also often
evier B.V. Open access under CC BY-NC-ND license.
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rendered masonry external walls and a timber framed un-trussed lean-to roof
with AC sheets.
Figure 2: A typical semi-engineered building in the district of Belize with
rendered externalmasonrywalls and a trussed pitched timber framed roofwith
galvanized steel roof sheets.
most vulnerable to high velocity winds. This is evidenced in
the aftermath of the numerous storms that have ravaged the
southern coast of the United States over the years. Hurricane
Katrina for instance, one of the strongest and most extensive
storms to make landfall on the coast of the United States,
caused the destruction of thousands of homes in Mississippi
and Louisiana. While engineered buildings fared reasonably
well in the hurricane, semi-engineered buildings, including
those constructed of light weight systems and non-reinforced
masonry walls, sustained extensive damage [3].
Hurricane Andrew, a Category 4 hurricane, reportedly
caused extensive damage to Dade County in Southern Florida of
the United States. This event caused 15 deaths, tens of billions
of dollars in damage and left a quarter of a million people
temporarily homeless [4]. Contrary to this, many communities,
which are primarily comprised of semi-engineered buildings,
are known to have survived the effects of significant storms,
including many observed by the primary author after major
storms such as Hurricane Keith (2000) and Hurricane Iris
(2001). In fact, many of the observed failures were limited
to or were initiated in the roof systems of these buildings
[5–7]. In these cases, the typical failure modes observed
included the breakdown of connections and the loss ofdecking much more often than actual failure of the structural
components themselves.
With the roof systems clearly identified as the primary
vulnerable structural component of semi-engineered buildings,
this paper examines construction methods and details of
specific semi-engineered roof systems observed in Belize and
limited parts of India. These observations were carried out over
a period of several years and included the documentation of
material types and structural arrangements as utilized in the
construction of typical semi-engineered residential buildings.
The paper also presents some critical results obtained from
laboratory tests done to estimate the performance levels of
various components and connections utilized in these localities,
where published structural data were found to be lacking.
Finally, the paper presents a summary of estimated loads for
various typical roof forms and wind velocities compared to the
estimated load capacities of common roof deck systems. Based
on this, the paper highlights vulnerable areas of the typical roof
decking system under consideration.
2. Construction methods and details
The roof systems of semi-engineered buildings tend to
vary from locality to locality and are often dependent on the
availability of materials and traditional building practices in
that particular area. The general building culture of semi-
engineered buildings in Belize is traditionally based on the
practices of technocrats who were trained in England or
influenced by English expatriates working in the country.
In recent times however, the building culture in Belize has
changed and now includes much of the practices and materials
utilized in the United States. On the other hand, India
has a significant population spread across a vast area, and
observations are that, while the specific construction details
may vary, the basic material types utilized in the construction
of residential semi-engineered buildings are relatively similar
and limited.
Field surveys conducted on scores of buildings in several
coastal communities of Belize, as well as observations made
in the town of Alibag (State of Maharashtra, India) and
surrounding communities of West Coast India, provide key
information on the building cultures of these communities.
Information gathered from these structures include general
roof construction details, the range of roof deck types and
framing systems utilized, as well as the approximate range of
building sizes generally constructed in the areas.
A limited range of semi-engineered building forms and types
were observed in Belize. These structures are primarily located
in urban settings and closely resemble engineered buildings
in physical form. For the most part, the primary difference
between engineered and semi-engineered residential buildings
in this area appears to be in construction detailing. While
concrete slabs are used in some instances, primarily in the
northern districts,most roof systems aremade of timber trusses
of sawn lumber bolted together at their joints and strapped to
concrete roof beams orwallswith bolts andmild steel hurricane
straps. Timber purlins and battens are typically fastened to
rafters with simple common nails, and span between trusses.
In limited instances, however, metal connector clips are used.
Roof decks are primarily of cold rolled steel sheets, which are
either nailed or screwed to timber purlins. Figure 3 illustrates
the details of a typical semi-engineered building roof system as
observed in Belize.
36 D.A.W. Thurton et al. / Scientia Iranica, Transactions A: Civil Engineering 20 (2013) 34–43Figure 3: Details of a typical roof system as observed in Belize. The roof deck is often of metal with the framing system of sawn lumber with joints bolted together.
The roofs are most often secured to the exterior walls with mild steel hurricane straps which are embedded into the roof beams.Figure 4: Details of a typical semi-engineered roof system as observed in
Alibag. The deck is typically of CGI, AC or Mangalore tiles with the framing of
metal of timber un-trussed members.
The ranges of roof types, materials, and forms observed
in Alibag and surrounding areas are also remarkably similar.
Within the town of Alibag itself, there is a large number of
non-engineered buildings, however, the specific area inspected,
which sits directly on the coast, includes a remarkably high ratio
of SEBS to NEBS. Also remarkable is the fact that the range of
roof framing and roof cladding types are very limited, with un-
trussed timber frames making up the majority of roof systems
observed and Mangalore tiles making up the majority of roof
decks utilized. Figure 4 illustrates typical roof construction
details, as observed in Alibag, which are no different from
observations made in other communities, such as Palghar in
India.Figure 5: A typical CGI roof deck supported by pipe purlins.
Four types of roof deck were observed to constitute the
majority of semi-engineered buildings in the areas surveyed
in Belize and India. Figures 5–9 illustrate the various deck and
fastener types utilized.
1. Corrugated galvanized iron [CGI]: Steel sheets which are
fixed to metal or timber purlins with J or U bolts being the
typical fastener types used in India. These deck types were
also found to be very common in Belize and are fixed to
timber battens or purlins and fastened with twisted roof
nails.
2. Corrugated asbestos cement [AC]: Sheets which are also
securedwith J andUboltswere found to be common in India.
This deck type is very rare in Belize and is limited to very few
older buildings.
3. Mangalore tiles: Individual tile units also found to be very
common in India. These are often laid with an interlocking
arrangement without any other form of fixing.
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Figure 7: A typical R panel roof deck system which is very common in Belize.
Figure 8: Eaves of a roof with AC roof deck which is common in India.
4. R profile steel: Sheets fixed to purlins with metal screws,
whichwere found to be very common inmost parts of Belize.
In Belize, details, such asmaterial type, deck thickness and over-
lap of individual roof deck units, are usually similar to that ofFigure 9: Various roof deck fastener types utilized in Belize and India. They
include metal screws, roof nails, and roof bolts.
engineered-buildings. However, in semi-engineered buildings,
there is often insufficient attention paid to more subtle details,
such as faster embedment lengths and the spacing of fasten-
ers in general roof areas and zones that typically attract higher
wind velocities. The effects of some of these deficiencies are
highlighted when estimated pressure levels are compared to
the capacities of the various components.
3. Estimated deck and fastener capacities
Estimation of the load carrying capacities of various
components of roof deck systems is key to understanding the
behaviour and evaluating the capacity of a roof system. Product
performance data sheets with basic structural properties for R
and CGI roof sheets are often readily available. However, this
is not necessarily the case for AC sheets and other deck types
fastened in a manner typical of the areas under consideration.
Narayanan and Mathews [8] performed a wide range of
load tests that include the study of the performance of CGI
and AC sheets under simulated wind loads and various fixing
conditions typical of those often practiced in the construction of
SEBS in India. Additionally, the primary author has performed
tests on the R profile and CGI metal deck systems utilizing
methods typical of the area of Belize. In all instances, the
tests performed on the roof decks involved static loading
conditions intended to simulate uplift wind-induced loads, and
included details, such as fastener type and spacing, typical of
the respective area.
In the case of tests performed by Narayanan and Mathews,
the models included a range of fastener types, including J bolts,
L bolts and U bolts. The tests also included a range of deck
thicknesses and fastener patterns. Details of all test schemes can
be found in the referenced publication [8].
Tests performed by the primary author included a range of
deck thicknesses and fastener types, typical of those utilized in
the area, and include roof screws and twisted roof nails with
conical heads. Unlike those observed in India, the roof systems
typical of Belize included timber framed construction, with the
roof fasteners gaining uplift resistance from embedment into
the timber members, as opposed to the mechanical resistance
of the J, L and U bolts used in India. As published structural
data on the withdrawal capacities of the various fastener types
embedded in the common local wood are not available, the test
models included a range of themore common local wood types.
38 D.A.W. Thurton et al. / Scientia Iranica, Transactions A: Civil Engineering 20 (2013) 34–43Figure 10: Test results of withdrawal resistance of roof nails in pine. The results are based on tests performed on 65 mm twisted shank roof nails which are almost
exclusively used to fasten CGI decks in Belize. The tests included an embedment of 1 in (25 mm) deep in Pine wood, the most common structural wood type used in
the area. The results include an average load of 248 lbs (1103 N) and an estimated safe load of 124 lbs (551 N) based on a 2.0 FOS.Figure 11: Withdrawal resistances of nails bent 90° in 1′′ (25 mm) thick pine. The tests are based on a practice whereby the nail fasteners are penetrated through
relatively thin wood battens with the penetrating portion of the nail shanks bent. The technique provides results with an increase in the fastener capacity of about
66% above the fastener with a 1 in (25 mm) embedment.Table 1: Summary of estimated fastener capacities.
Descriptions Ultimate results (pounds) Estimated safe capacities (N) Estimated safe capacities (pounds)
Roof nails - 2′′ embedment in pine 434 955 215
Roof nails - 1 34
′′
embedment in pine NA 870 195
Roof nails - 1′′ embedment in pine 248 555 125
roof nails - 2′′ embedment in B. web 560 1245 280
roof nails - 2′′ embedment in chichen 615 1380 310
roof nails - 1′′ bent in pine 412 910 205
roof nails - loss of heads 624 1380 310
ROof screws - 5/8′′ in pine 418 935 210
Roof screws - 5/8′′ in B. web 560 1245 280
ROof screws - 5/8′′ in nargusta 668 1490 335
Roof screws - 5/8′′ in chichen 616 1380 310
J bolts (pipe) 208a 470 105
L bolts (channel) 712a 1555 350
L bolts (angle) 1404a 3115 700
a Tests were performed by others [1].One series of tests performed involved the insertion of
the common fastener types into several of the more popular
wood types. The tests were set up to simulate actual field
conditions and, as such, wood specimens were tested under
moisture content, temperature, grain direction and defect
content, typical of those used in the field. Loads were statically
applied and fatigue and dynamic effects were not simulatedin the tests. Figures 10–13 illustrate the results of the various
tests performed on fasteners, while Table 1 provides a summary
of the results of the fastener tests and indicate the load levels
required to cause the deck fasteners to loose their heads, to
tear through the various gauges of roof sheets, and to withdraw
from the various wood types. History has shown that these
modes of failure are far more likely to occur than the structural
D.A.W. Thurton et al. / Scientia Iranica, Transactions A: Civil Engineering 20 (2013) 34–43 39Figure 12: Withdrawal resistances of roof screws in pine. The results are based on tests performed on roof screws typical of the industry which are used almost
exclusively to fasten R profile roof sheets in the valleys of steel decks which are cold rolled locally in Belize. The results indicate that with less embedment, load
levels similar to that of roof nails can be achieved. In some cases longer fasteners are utilized, particularly when fixings are placed in the crests of the deck at joints.Figure 13: Head pull off resistance of roof nails. The results are based on tests specifically designed to produce failure of the nail heads which are sometimes found
in the field after storms. With an estimated safe failure load of 312 lbs (1388 N) the results clearly indicate that withdrawal of this fastener type from the wood will
be the more likely mode of failure.collapse of the metal decking or framing system, based on the
structural arrangements typically utilized in the construction of
semi-engineered roof systems in Belize.
Another series of tests conducted by the primary author
focused on the performance of the roof panels themselves. In
the case of the CGI and R profile metal panels, and for the
purpose of this exercise, the primary goal was for the sheets to
remain relatively intact during the wind event, such that other
components of the building envelope were not significantly
affected or breached. For this reason, consideration was not
given to relatively large deflections that are typical of the
behavior of metal decks. As such, the considered failure mode
of the steel sheets is likely limited to tearing around the heads
of the fasteners (punch through failure), while the more brittle
AC sheets are susceptible to breakage and structural collapse.
The decking tests performed by the author were focused on
determining static load levels that would cause the fastener
types utilized to tear through 26 g and 28 gmetal sheets of the R
profile and CGI types. These tests were based on the application
of static loads and it is recognized that the characteristics of
some long duration storms may cause fatigue failures aroundthe fasteners, even at lower ultimate load levels. Such behavior
has been studied by Nevis [9] and others.
Narayanan and Mathews also conducted 250 full-scale tests
on AC and CGI roof deck systems as typically built in India. The
spans were limited to 1.4 m (4′ 7′′), which was considered to
be common. The tests utilized different connections and purlin
types subjected to static loading to simulate uplift loads from a
cyclone.
Table 2 summarizes punch through test results reported by
Naraynan and Mathews, as well as those reported by the au-
thor. They are presented alongside each other for comparison
purposes.
As illustrated in the table, tests indicate that the localized
failures of the metal roof sheeting that cause washers and
the heads of fasteners to pull through the deck are highly
dependent on the diameter of the washers and head sizes.
However, in the case of roof nails, the failure mode is restricted
to the loss of nail heads, as construction of these types
of nail does not provide relatively significant strength at
the head/shank connections. Table 3, which summarizes the
previous results, illustrates, for the most part, the likely failure
40 D.A.W. Thurton et al. / Scientia Iranica, Transactions A: Civil Engineering 20 (2013) 34–43Table 2: Failure loads of fasteners and metal deck systems.
Thickness (gauge) Fastener type 1a Fastener type 2a Fastener type 3a Fastener type 4b Fastener type 5b Fastener type 6b
0.6 mm (24 gauge) 4275 N (962 lbs) 5750 N (1294 lbs) 6050 N (1361 lbs) NA NA NA
0.5 mm (26 gauge) 3567 N (803 lbs) 5025 N (1131 lbs) 6080 N (1368 lbs) 2773 N (624 lbs)c 2889 N (650 lbs) 1867 N (420 lbs)
0.4 mm (28 gauge) 3200 N (720 lbs) 4600 N (1035 lbs) 6000 N (1350 lbs) 2773 N (624 lbs)c 1955 N (440 lbs) 1600 N (360 lbs)
a Tests performed by Naraynan and Mathews.
b Tests performed by the author.
c Fasteners loose heads and do not pull through metal deck
1. Type 1 fastener: Bolts with conical washers 22.9 mm in diameter.
2. Type 2 fastener: Bolts with conical washers 24.9 mm in diameter.
3. Type 3 fastener: Bolts with conical washers 30.4 mm in diameter.
4. Type 4 fasteners: Roof nails with 20 mm heads.
5. Type 5 fasteners: 25 mmwood screws with 13.5 mmwashers.
6. Type 6 fasteners: 25 mmwood screws with 11 mmwasher.Table 3: Summary of fasteners failure loads.
Fastener type Withdrawal failure load Opening out failure load Head loss failure load Pull through failure load
Roof nails in pine 1102 N (248 lbs) NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
(1′′ embedment) 551 N (124 lbs) 1387 N (312 lbs) 1600 N (360 lbs) 28 g
Roof nails in pinea 1722 N (388 lbs) NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
1 34
′′
embedment

861 N (194 lbs) 1387 N (312 lbs) 1600 N (360 lbs) 28 g
Roof nails in pine 1930 N (434 lbs) NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
(2′′ embedment) 965 N (217 lbs) 1387 N (312 lbs) 1600 N (360 lbs) 28 g
Roof nails in billy web 2489 N (560 lbs) NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
(2′′ embedment) 1245 N (280 lbs) 1387 N (312 lbs) 1600 N (360 lbs) 28 g
Roof nails in nargusta (668 lbs) NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
(2′′ embedment) (334 lbs) 1387 N (312 lbs) 1600 N (360 lbs) 28 g
Bent roof nails NA NA 2764 N (622 lbs) 1867 N (420 lbs) 26 g
1387 N (312 lbs) 1600 N (360 lbs) 28 g
Screws in pine 1858 N (418 lbs) NA NA 28 g–1600 N (360 lbs)
(5/8′′ embedment) 929 N (209 lbs) 800 N (180 lbs)
26 g–1867 N (420 lbs)
934 N (210 lbs)
L bolts to channels NA 3170 N (713 lbs) NA W1-28 g–3200 N (720 lbs)
(100× 50 mm) 1585 N (356 lbs) 1600 N (360 lbs)
W1-26 g–3567 N (802 lbs)
1784 N (401 lbs)
W2–28 g–4600 N (1035 lbs)
2300 N (518 lbs)
W2-26 g–5025 N (1130 lbs)
2512 N (565 lbs)
W3- 28 g/26 g–6000 N
3000 N (675 lbs)
J bolts to pipe NA 925 N (208 lbs) NA Ditto
(76 mm dia.) 462 N (104 lbs)
Lipped L bolts to angle NA 6240 N (1404 lbs) NA Ditto
(65× 65 mm) 3120 N (702 lbs)modes of the fastener-deck system as built in the specified
localities. Specifically, roof nails were found to have safe load
capacities of approximately between 125 to 215 pounds (955
N), and much more if the ends are bent 90° up against the
supporting wood member. The less effective screw types used
will likely fail by punching through 28 g sheets at safe loads
of about 180 pounds (800 N), with withdrawal or punchingthrough 26 g roof sheets at safe loads of about 210 pounds
(935 N).
L bolts were shown to have a tendency to open up at
safe loads of about 350 pounds (1555 N) when fastened to
50 × 100 mm channels. J bolts fastened to pipe members
demonstrate very low capacities with the safe load estimated
as low as 105 pounds (470 N) when fastened around 76 mm
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were shown to perform verywell at estimated safe capacities of
about 700 pounds (3115 N).
4. Evaluation of deck systems and conclusions
Evaluation of a roof deck system must consider the external
load effects and the capacity of the various components that
make up the system. When the evaluation seeks to cover a
range of building types within several areas, then, the systems
being evaluated and the estimated load effects must also be
representative of these areas. It is clear that the west coast of
India is not subjected to high velocity cyclones on a routine
basis [10]. However, the cyclone of Gujarat, in June 1998, which
had amaximum sustainedwind velocity estimated at 150 km/h
(93 mph) at the first landfall [11], illustrates the potential
danger that may face any coastal community on theWest coast
of India.
Hurricane Iris made landfall in October of 2001 with a
maximum sustained wind velocity estimated at 230 km/h
(145 mph) [12]. This was one of the strongest storms to make
landfall in the country of Belize in recent times. However,
other storms, with similar or greater potential for destruction,
have also threatened the country over the last two decades,
reinforcing the fact that this country is also potentially exposed
to very significant cyclones.
ASCE 7, which provides a comprehensive and widely ac-
cepted set of load evaluation procedures, was used to esti-
mate the pressure levels and distribution on representative
building forms in the areas under consideration. These pro-
cedures, which consider wind velocity, building shape, eleva-
tion, topographical effects, exposure and other similar factors,
were used as a basis to estimate load levels and pressures dis-
tribution on the components and claddings of buildings typi-
cal of those found in the areas under consideration. With roof
decking and fasteners routinely being the primary areas of vul-
nerability in roof systems [13], the evaluation focused on these
components with arrangements representative of those found
in semi-engineered buildings in the areas under consideration.
The evaluation considered roof slopes of 0°–30°, with purlin
spacing of 1.4 m, to reflect the norm in certain Indian commu-
nities, and 0.75 m to reflect the norm in Belize. Other variables
considered included typical fastener spacing for CGI, AC and R
profile roof sheets. Table 4 highlights the maximum expected
deck pressures, based on various roof pitches, subjected to a
range of wind velocities under conditions typical of the areas
under consideration. The table also illustrates fastener load lev-
els for the various scenarios.
It is clear that while some efforts are typically made to resist
the effects of high velocity winds in the construction of SEBS
in the parts of India under consideration, it is also clear from
the deficiencies observed and inadequacies identified above
that there is no expectation for the SEBS in the area to resist
loads from a significant cyclone. This may primarily be due to
the fact that west coast communities are typically not exposed
to the high frequencies and intensities of storms experienced
on the east coast, and, as such, little emphasis is placed on
detailing roofs and other building systems to resist the effects of
extreme wind velocities, particularly when construction cost is
paramount. This notion is reinforced by the fact that unsecured
Mangalore tiles, which are ineffective in resisting extreme
wind loads, constitute an estimated 48% of all semi-engineered
buildings built in the coastal region of Alibag.In Belize, on the other hand, which is threatened with
significant storms almost on an annual basis, and which has
seen several significant hurricanes making landfall in recent
times, semi-engineered buildings are routinely built with
materials and details specifically intended to resist the effects
of hurricanes. One of the underlying problems of the area,
however, is that certain structural data on indigenousmaterials
is often not available, even to practicing engineers. In addition
to this, while the construction of SEBS of the area often mimic
that of engineered buildings, these are most often built with
deficiencies in details, which may often render the entire roof
system vulnerable.
Observations in the field support the fact that wind-induced
failures typically affect roof systems, with failure initiation
often limited to relatively small detailing issues. Table 5 outlines
the main fastener types and arrangements observed, and
highlights the likely modes of failure.
A comparison of estimated loads effects and load capacities,
as illustrated in the table, clearly demonstrates that some roof
systems currently being built are indeed vulnerable to excessive
winds. The vulnerability of roof decking systems of the types
typically constructed in the locations under consideration,
generally lie in the J fasteners typically utilized in India, and
the withdrawal of nails from wood framing members in Belize.
The results also seem to validate the notion that if properly
constructed, semi-engineered roof deck systems of the areas
under consideration, possibly with the exception of unsecured
Mangalore tiles, can indeed be detailed to resist the effects
of high wind velocities, if efforts are focused on details. The
following includes some conclusions that can be drawn from
these results and comparisons.
1. The roof structure of a two storied semi-engineered building
constructed as typically done in Belize, with a roof pitch of
about 20°, purlin spacing of 1.4 m or less and decked with
CGI sheets of 26 gauge or thicker, fastened with roof nails
located at every other crest location and subjected to wind
velocities of up to 120 miles (200 km) per h, will likely not
sustain failure of the roof system.
2. The roof structure of a building similar to the above but with
a roof pitch of 30° will also likely not sustain failure of the
roof system.
3. J bolts used on roofs of a semi-engineered building, as built in
India, with asbestos concrete sheets, purlin spacing of 4.6 m
and fasteners located on every third crest will be marginally
safe when subjected towind velocities of 60mph (26.4mps)
on roofs with about 20° pitch.
4. The roof as described above will likely be unsafe under the
same conditions with a pitch of 0°, or with a pitch of about
20° or more but with wind velocities of 90 mph (39.6 mps).
5. Lipped L bolts generally perform much better than other
fastener types, with the likely mode of failure being the
punch through of the heads through the deck.
6. Wood screws generally performmuch better than nails, and,
when nails are utilized, they perform much better when
their excess shanks are bent, as this forces the mode of
failure to the loss of their heads.
7. The performance of fasteners embedded in hardwood is
generally better than that of those embedded in pinewood.
However, the results are sensitive to the condition of the
variables concerned. This reinforces the recommendations
that the excess shank should be bent, at least in high
pressure zones.
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Location Pitch Velocity Maximum
pressure
Purlin
spacing
CGI-fastener
spacinga
AC/R fastener
spacingb
CGI-fastener
load
AC/R-fastener
load
Psf Ft ft Ft lbs Lbs
N/sm M m M N N
India (0 deg.) 60 mph −17 4.6 0.5 1.5 −39.1 −117.3
(26.4 mps) −813.96 1.4 0.15 0.45 −173.92 −521.75
Single storey
India (0 deg.) 60 mph −18.5 4.6 0.5 1.5 −42.6 −127.7
(26.4 mps) −885.78 1.4 0.45 −189.26 −567.79
Two stories
India (20 deg.) 60 mph −15 4.6 0.5 1.5 −34.5 −103.5
(26.4 mps) −718.2 1.4 0.15 0.45 −153.46 −460.37
Two stories
India (20 deg.) 90 mph −34.2 4.6 0.5 1.5 −78.7 −236.0
(39.6 mps) −1637.496 1.4 0.15 0.45 −349.88 −1049.6
Two stories
Belize (20 deg.) 120 mph −60.6 2.5 0.5 0.67 −75.8 −101.5
(72.8 mps) −2901.528 0.75 0.15 0.20 −336.94 −451.49
Two stories
India (30 deg.) 60 mph −9.1 4.6 0.5 1.5 −20.9 −62.8
(26.4 mps) −435.708 1.4 0.15 0.45 −93.10 −279.29
Two stories
India (30 deg.) 90 mph −20.7 4.6 0.5 1.5 −47.6 −142.8
(39.6 mps) −991.116 1.4 0.15 0.45 −211.77 −635.31
Two stories
Belize (30 deg.) 120 mph −36.7 2.5 0.5 0.67 −45.9 −61.5
Two stories (72.8 mps) −1757.196 0.75 0.15 0.20 −204.05 −273.43
a Fastener spacing of every other crest is assumed for CGI sheets.
b Fastener spacing at every 3rd crest is assumed for AC sheets and every valley for R sheets.Table 5: Summary of fastener arrangements and likely modes of failure.
Fastener type and arrangement Likely mode of failure
Roof nails in pine (1′′ embedment) Withdrawal
Roof nails in pinea

1 34
′′
embedment

Withdrawal
Roof nails in pine (2′′ embedment) Withdrawal
Roof nails in billy web (2′′ embedment) Withdrawal
Roof nails in nargusta (2′′ embedment) Head loss
Bent roof nails Head loss
Screws in pine (5/8′′ embedment) Withdrawl or punch through
L bolts to channels (100× 50 mm) Open out or punch through in
28 gauge sheets
J bolts to pipe (76 mm dia.) Open out
Lipped L bolts to angle (65× 65 mm) Punch through
W1-28 g–3200 N (720 lbs)
1600 N (360 lbs)
W1-26 g–3567 N (802 lbs)
1784 N (401 lbs)
W2-28 g–4600 N (1035 lbs)
2300 N (518 lbs)
W2-26 g–5025 N (1130 lbs)
2512 N (565 lbs)
W3-28 g/26 g–6000 N
3000 N (675 lbs)
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